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TECHNICAL  SUMMARY 


TECHNICAL  STATUS 


This  report  summarizes  the  results  of  two  journal  papers  recently 
Submitted  for  publication  by  NRL  on  modal  evolution  3~dB  couplers (^) 
and  on  modes  in  diffused  optical  waveguides. (2) 

OBJECTIVES 


The  main  aim  of  this  study  is  to  develop  and  characterize  an 
electro-optic  branching  waveguide  switch  in  a LiNbOj  optical  waveguide 
system.  Such  a switch  could  be  devised  in  several  ways:  as  a single 
clcc-tro— optically  controlled  branch,  or  by  two  3-dB  couplers  connected 
by  an  active  phase  shifter  in  one  arm  (Mach  Zehnder  Interferometer). 
Also  operation  with  planar  waveguides  or  three-dimensional  channel 
waveguides  could  be  considered. 

MODAL  EVOLUTION  3-dB  COUPLER 


A.  Theory 

The  possible  advantages  associated  vlth  achieving  electro-optic 
switching  by  the  use  oi  che  Mach  Zehnder  interferometric  technique  led 
us  to  investigar.e  a new  type  of  3-dB  coupler  (50-50  power  divider) 
which  is  an  essential  component  to  the  complete  switch.  The  coupler 
which  ve  proposed  and  have  demonstrated  is  based  on  the  principles  of 
mode  conversion  and  modal  evolution,  rather  than  the  conventional  mode 
interference  directional  couplers,  and  allowed  us  to  buJld  on  theories 
previously  developed  describing  mode  conversion  in  separating  wave- 
guides O)  and  tapered  velocity  couplers. We  have  been  able  to  ex- 
tend the  theoretical  concepts  developed  to  describe  our  planar  modal 
evolution  3-dB  coupler  to  the  description  of  conventional  directional 
3-dB  couplers  and  branching  modal  evolution  3-dB  couplers  similar  to 
those  recently  reported  experimentally  by  Ma’'tin.(5) 

In  Fig.  la  is  shown  a cross-section  of  the  planar  modal  evolution 
3-dB  coupler.  The  co'ipler  consists  of  two  coupled  waveguides,  made 
s;mchronous  by  a small  section  of  overlaid  superstrate.  The  overlay 
ill  introduced  abruptly  and  removed  slowly  by  constructing  it  with  fast 
and  slow  tapers.  Operation  of  the  device  is  Illustrated  bv  the  elec- 
tric field  amplitudes  of  the  local  normal  modes  1 and  j shown  at  3 
positions  along  the  propagation  direction  z. 

An  input  mode  i,  from  the  lef'.,  undergoes  mode  conversion  at  the 
fast  taper  and  transfers  half  its  power  to  normal  mode  j . At  this 
point  each  mode  has  power  in  both  guides  2 and  4,  due  to  the  mode 
synchronism  shown  in  Fig.  lb.  During  adiabatic  transfer  through  the 
slow  taper,  the  modes  evolve  without  power  transfer  such  that  each  is 
primarily  confined  to  a single  guide,  and  50-50  power  division  is 
achieved.  The  advantages  of  this  type  of  device  over  a conventional 
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3-dB  directional  coupler  are  that  synchronism  is  required  only  at  the 
point  2-0  and  the  device  length  is  non-crltical. 


We  have  used  an  approximate  coupled  mode  representation  of  the 
coupling  between  local  normal  modes  to  estimati  power  transfer  between 
normal  modes  at  the  abrupt  transition.  This  result  gave  reasonable 
agreement  with  our  experimental  results.  In  order  to  characterize 
fast  and  "slow"  tapers  In  terms  of  mode  conversion,  or  power  transfer 
between  normal  modes,  we  extended  a previously  developed  technique (3, A) 
capable  of  Identifying  the  parameter  characteristic  of  mode  conversion 
in  a particular  device,  as  well  as  estimating  Its  midpoint  value.  The 
criteria  for  substantial  mode  conversion  In  a fast  taper  Is 
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whereas  to  avoid  power  transfer  due  to  the  slow  taper  we  require 
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K Is  the  coupling  constant  between  the  coupled  guides,  0£  and  a are 
the  slopes  of  the  fast  and  slow  tapers,  and  Y5  Is  the  transverse 
momentum  In  the  overlay. 


It  has  become  apparent  that  the  limiting  case  of  a very  steep 
(complete  mode  conversion)  branching  waveguide  is  equivalent  to  a 3-dB 
coupler.  In  that  the  Incident  power  Is  divided  equally  Into  each  branch. 
This  also  Is  apparent  from  symmetry  considerations  when  the  branch  Is 
synchronous  by  reason  of  geometrical  symmetry.  In  fact,  as  we  will  dis- 
cuss further  In  the  next  paragraph,  branching  waveguides  can  be  used  to 
construct  a two  dimensional  analog  of  the  planar  modal  evolution  3-dB 
coupler.  Smith (6)  has  shown  for  the  tapered  velocity  coupler  that 
coupling  efficiency  has  a simple  exponential  dependence  on  a parameter 
charactet  ^stlc  of  that  device.  This  result  can  also  be  Interpreted  In 
terms  of  mode  conversion  between  local  normal  modes,  and  should  be 
capable  of  extension  to  any  modal  evolution  device.  We  do  so  In  Fig.  2 
where  the  equation 
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Is  fit  to  computer  data  for  power  transfer  between  local  normal  modes 
in  separating  or  branching  waveguides.  This  relationship  should  hold 
for  both  planar  modal  evolution  3-dB  couplers,  where  y ■ |K|/aYr,  as 
well  as  for  branching  waveguides,  where  y - AB/ey-.  AB  Is  the  differ- 
ence In  propagation  constant  for  large  branch  separation,  0 Is  the 
taper  slope,  and  Y3  Is  the  transverse  propagation  constant  In  the 
separating  region.  On  this  plot  are  also  shown  the  positions  corres- 
ponding to  the  slopes  of  the  fast  and  slow  tapers  fabricated  experi- 
mentally for  the  planar  modal  evolution  3-dB  coupler.  From  the  theory 
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developed  we  see.  that  nearly  complete  mode  conversion  was  achieved  at 
the  fast  taper,  and  zero  mode  conversion  at  the  slow  taper,  as  desired. 

Id  the  modal  evolution  3-dB  coupler,  3-dB  worth  of  cumulative  mode 
conversion  between  local  normal  modes  Is  provided  in  a single  abrupt 
transition.  It  Is  convenient  to  describe  the  device  In  terms  of  the 
parameter  X “ AB/2K  where  A0  ■ 6^  - 6^  is  the  difference  In  guide  propa- 
gation constants  and  K Is  the  coupling  constant.  As  shown  In  Fig.  lb, 
jx|  changes  abruptly  from  a value  much  greater  than  unity  to  a value 
near  zero,  and  then  gradually  Increases  again  In  order  to  spatially 
separate  the  local  normal  modes  In  an  adlaoatlc  fashion.  In  the  planar 
device,  this  variation  In  [x]  was  accompli ..ned  by  changing  AB.  A 
similar'  variation  can  be  achieved  by  changing  K,  and  this  is  tht  basis 
for  the  two  dimensional  modal  evolution  3-dB  coupler  made  with  two 
branching  waveguides.  (Fig.  3a).  In  this  arrangement  the  first  branch 
acts  as  a power  divider  and  provides  3-dB  worth  of  cumulative  mode  con- 
version; the  second  branch  acts  as  a mode  splitter  and  provides  adia- 
batic spatial  separction  of  the  local  ncrmal  modes.  The  advantage  of 
this  device  Is  that  large  swings  In  |k|  and  therefore  |x|  are  conven- 
iently available  to  the  designer.  The  device  shown  in  Fig.  3a  Is  a 
generalization  of  the  3-dB  coupler  recently  used  by  Martin  to  construct 
an  interferometric  switch. 

The  conventional  directional  coupler  is  shown  in  Fig.  3b.  It 
consists  of  two  parallel  waveguides  In  a central  region  of  length  L 
where  adiabatic  propagation  occurs.  Two  abrupt  transitions  terminate 
the  central  adiabatic  region  and  spatially  separate  the  local  normal 
modes.  These  two  transitions  can  be  either  separating  waveguides  act- 
ing as  power  dividers,  or  with  channel  guides  an  overlay  can  be  used 
to  define  the  central  region  and  provide  the  abrupt  transitions.  In 
either  case  normal  mode  Interference  occurs  in  the  central  region  and 
precise  knowledge  of  |k|  Is  needed  to  design  1.  This  points  out  the 
advantage  of  the  modal  evolution  3-dB  couplers  of  Figs,  la  and  3a.  For 
these  devices  there  is  only  a single  region  of  mode  conversion  between 
local  normal  modes  and  no  critical  length  L appears. 


B.  Experiment 

The  planar  device  was  fabricated  from  sputtered  layers  of  barium 
silicate  glass  (guiding)  and  fused  silica  (cladding).  Fig.  4 outlines 
the  fabrication  steps  involved  with  the  overlay  fast  and  slow  tapers. 

The  slow  taper  was  achieved  by  masking  during  sputtering,  whereas  the 
fast  taper  was  obtained  by  sputter  etching  with  a photo-llthographically 
delineated  mask.  Details  are  provided  in  Ref.  1. 


Fig.  5a  shows  a sketch  of  the  completed  structure.  Propagation  Is 
in  the  z direction  and  the  guiding  .layer  4 is  tapered  in  the  y direction 
in  order  to  achieve  mode  8ynchronlsa\  somewhere  In  the  middle  of  the 
sample.  Experimental  results  of  power  transfer  between  the  normal 
modes  as  a function  of  distance  across  the  sample  (y  direction)  are 


shown  in  Fig.  5b.  The  variation  across  the  sample  is  due  to  the  taper 
in  layer  4 end  is  predicted  by  the  theory  developed  for  power  transfer 
at  an  abrupt  transition.  Maximum  power  converted  (40Z)  was  limited  by 
a problem  with  the  sputter  etching  process  In  fabricating  the  'abrufit 
step  In  the  superstrate.  Specifically  the  abrupt  step  did  not  have  a 
fast  slope  over  the  whole  step,  but  had  a slower  slope  section  (up  to 
30Z)  at  the  base  of  the  transition.  This  resulted  In  the  theoretical 
curve  marked  Xq  (actual),  rather  than  that  marked  Xg  (design),  which 
gives  reasonable  agreement  with  the  experimental  results. 

MODES  IN  DIFFUSED  OPTICAL  WAVEGUIDES 

In  con-junctioa  with  G.  B.  Hocter,  visiting  NRL  In  the  fall  of  1974, 
we  have  carried  oi  t and  published  ' ' a theoretical  and  experimental 
study  of  mode  dls’ierslon  In  planar  diffused  optical  waveguides  of 
arbitrary  Index  rrorlle.  The  primary  result  of  this  work  was  that 
universal  curves  ^liaL  describe  mode  dispersion  for  waveguides  with  a 
spe'iific  diffusion  profile  could  be  obtained.  Such  curves  for  comple- 
mentary error  function  and  L'ausslan  diffusion  profiles  are  shown  In 
Fig.  6.  These  plots  are  noniallzed  so  that  they  characterize  any 
diffused  waveguide  with  that  profile.  The  approximations  made  in  pro- 
ducing the  universal  curves  are  very  good  for  high  Index  systems  such 
as  LlMbOo.  The  same  analysis  also  produced  universal  mode  number 
charts  which  predict  the  number  of  modes  that  propagate  In  a diffused 
planar  guide  of  specific  diffusion  profile  for  a given  diffusion 
depth,  D,  and  surface  Index  change.  An. 

Also  plotted  in  Fig.  6 are  experimental  measurements  on  two 
nickel  diffused  LlMb03  waveguides.  The  better  fit  of  the  data  to  the 
erfc  dispersion  curves  Indicates  that  the  diffusion  profiles  obtained 
were  nearly  complementary  error  function.  This  Illustrates  how  these 
universal  curves  can  be  used  to  indicate  what  diffusion  profiles  are 
experimentally  obtained,  without  maklug  direct  measurements.  Tl- 
dlf fused  planar  waveguides  have  been  produced  with  losses  of  1 d'3/cm 
or  better. 

This  work  is  presently  being  extended,  theoretically  and  experi- 
mentally to  two-dimensional  channel  waveguides. 

MISCELLANEOUS 


In  addition  to  the  work  reported  hece,  additional  results  on  this 
program  have  been  submitted  to  the  Topical  Meeting  on  Integrated  Optics. 
These  results.  In  the  form  of  one  invited  and  four  contributed  papers, 
will  be  Included  in  subsequent  DARFA  reports.  The  titles  of  these 
papers  are: 

1.  "Power  Transfer  Between  Local  Normal  Modes  in  Dielectric  Waveguides," 
by  Drs.  W.  K.  Bums  and  A.  F.  Milton  (Invited). 
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2.  "Mode  Dispersion  in  Diffused  Channel  Waveguides  by  the  Equivalent 
Index  Technique,"  by  Drs.  W.  K.  Bums  and  G.  B.  Hocker. 

3.  "Mode  Liftoff  Doing  a Branching  Dielectric  Waveguide,"  by  Drs. 

H.  F.  Hsu  and  A.  F.  Milton. 

4.  "Perf on.  ance  Limitations  Imposed  on  Integrated  Optical  Devices  by 
Polarization,"  by  Drs.  R.  Steinberg  and  T.  G.  Glallorenzl. 

5.  "The  Design  of  Adiabatic  Transitions  for  Integrated  Optics,"  by 
Drs.  A.  F.  Milton  and  A.  J.  Skalafurls. 
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Fig.  1 — (a)  a cross  section  of  a planar  modal  evolution  3-dB  coupler  with  the 
electric  field  amplitudes  of  the  local  normal  modes  i and  j at  three  positions 
along  the  propagation  direction  a.  The  input  mode  i has  unity  power  and  3-dB 
coupling  is  shown.  In  (b)  the  corresponding  values  of  X ^ A/3/2  iKl  and  the  un 
coupled  mode  effective  indices  are  shown.  To  the  left  of  z = 0 the  z scale  is 
exaggerated  to  show  the  fast  taper. 
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Fig.  3 — Sketches  of  a two-dimensional,  channel  modal  evolution  3-dB  coupler 
(a)  and  a conventional  mode  interference  3-dB  coupler  (b).  In  (a)  a single  region 
of  mode  conversion  (z  < 0)  acts  as  a power  divider,  and  is  followed  by  a adiabatic 
region  which  acts  as  a mode  splitter.  In  (b)  two  regions  of  mode  conversion  are 
separated  by  an  adiabatic  region  of  length  L. 
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Fig.  5(b)  — Experimental  and  theoretical  results  for  power  transfer  between 
local  normal  modes  in  the  planar  3-dB  coupler  as  a function  of  ]x>sition 
across  the  sample  in  the  y direction.  The  curve  Xq  (design)  becomes  that 
marked  Xq  (actual)  when  the  slow  slop>e  portion  of  the  fast  taper  is  accounted 
for.  Inclusion  of  the  differential  losses  between  the  coupled  guides  yields 
the  dashed  curve,  which  gives  a reasonable  fit  to  the  experimental  points. 
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Fig.  6 — Universal  charts  of  normalized  mode  index  b versus  normalized  diffusion 
depth  V for  complementary  error  function  and  Gaussian  diffusion  profiles.  Ex- 
perimental measurements  of  TM  mode  effective  indices  in  two  Ni-diffused  LiNbOa 
guides  are  fitted  to  the  charts.  More  recent  data  has  improved  the  fit  to  the  erfc 
profile  for  the  sixth  mode  of  the  six-mode  guide. 


